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Summary
The oceans are the Earth’s largest ecosystem, cover-
ing 70% of our planet and providing goods and ser-
vices for the majority of the world’s population.
Understanding the complex abiotic and biotic pro-
cesses on the micro- to macroscale is the key to
protect and sustain the marine ecosystem. Marine
microorganisms are the ‘gatekeepers’ of the biotic
processes that control the global cycles of energy
and organic matter. A multinational, multidisciplinary
approach, bringing together research on oceanogra-
phy, biodiversity and genomics, is now needed to
understand and ﬁnally predict the complex responses
of the marine ecosystem to ongoing global changes.
Such an integrative approach will not only bring
better understanding of the complex interplay of the
organisms with their environment, but will reveal a
wealth of new metabolic processes and functions,
which have a high potential for biotechnological
applications. This potential has already been recog-
nized by the European commission which funded a
series of workshops and projects on marine genom-
ics in the sixth and seventh framework programme.
Nevertheless, there remain many obstacles to achiev-
ing the goal – such as a lack of bioinformatics tailored
for the marine ﬁeld, consistent data acquisition and
exchange, as well as continuous monitoring pro-
grammes and a lack of relevant marine bacterial
models. Marine ecosystems research is complex and
challenging, but it also harbours the opportunity to
cross the borders between disciplines and countries
to ﬁnally create a rewarding marine research era that
is more than the sum of its parts.
Introduction
The planet Earth is a blue planet – with 70% of its surface
covered by oceans and 40% of the World’s population
living within 50 km of a coastline, our heritage, economy
and well-being are inextricably linked with the marine
environment (Bowler et al., 2009). Marine microbes are
the ‘gatekeepers’ for the Earth System with an estimated
contribution to global primary productivity of between 50%
and 90% (Falkowski et al., 1998). Recent investigations
have shown that beside the classic carbon and energy
ﬂow through photosynthetic Eukarya to herbivores and on
to higher trophic levels, a rather effective microbial food
web exists (DeLong and Karl, 2005). Autotrophic bacteria
ﬁx carbon and – in case of Cyanobacteria – release
oxygen; heterotrophic bacteria use energy stored in the
non-living, detrital carbon pool, recycling nitrogen, sulfur
and phosphorus and other elements. Cell-associated
ectoenzymes enable bacteria to use high-molecular-
weight organic carbon in addition to the more traditional
low-molecular-weight and gaseous carbon substances.
Additionally, there is ample evidence that marine het-
erotrophic bacteria can use light as an additional energy
source to survive under conditions of nutrient starvation
(Beja et al., 2001; Fuchs et al., 2007; Moran and Miller,
2007) and that viruses are potential mediators of photo-
synthetic genes (Sharon et al., 2007; 2009).
Although about half of the annual primary production of
the planet occurs in the ocean and bacterial metabolism is
involved in the chemical transformation of most elements
(Falkowski et al., 2008), very little is known of marine
microbial diversity, how many species are present in the
oceans, and what each individual species does – i.e. its
ecological function and interactions. The vast majority
(90–99%) of these organisms cannot be cultured under
standard laboratory conditions and so are not amenable
to study by the methods that have proved so successful
with medically important microorganisms throughout the
20th century. It was only with the development of a
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ronment that information about the exceptional prokary-
otic diversity in the oceans began to accumulate. An
example of these molecular tools is the powerful PCR-
based methods that have been established for direct
ampliﬁcation, cloning and analysis of ribosomal RNA
(rRNA) genes from the environment. Beyond diversity, the
design and application of speciﬁc rRNA-targeted oligo-
nucleotide probes allows insights into the structure of
microbial communities in situ (Stahl and Amann, 1991;
Glöckner et al., 1999). The impact of cultivation-
independent methods for biodiversity analysis becomes
evident by noting that as of January 2010, around 1.4
million rRNA sequences are available in online databases
like SILVA (Pruesse et al., 2007), with the vast majority
originating from so far uncultured bacteria and, of which,
11% are of marine origin.
However, little is known about the function of these
microbes in the ecosystem or of their metabolic activity,
because no function can be assigned to a large proportion
of their genes (DeLong, 2005). Although our current
knowledge on marine bacteria is poor, and might appear
a limitation for biotechnological exploitation, we believe
that there are excellent opportunities for bioprospecting
for novel enzymes of industrial interest and for metabolic
products. The marine environment is very diversiﬁed,
ranging from cold to hot, and with hypersaline and high-
pressure habitats. Organisms that have evolved to
occupy this wide range of ecological niches must have
diverse metabolisms and will therefore possess novel
enzyme capability. That is, unusual habitats have unusual
organisms with unusual metabolism (Bornscheuer, 2005).
Many of the processes that these microbes can carry out
are likely to be of interest to industry. The challenge is to
access the organisms, by bringing them into laboratory
culture, or to access the genetic information, through
genomics and metagenomics.
Marine microbial genomics
Marine ecosystems research has beneﬁted greatly from
the use of genomic approaches. DNA-based sequencing,
originally developed in the biomedical ﬁeld, has been
quickly incorporated in the marine sciences. The introduc-
tion of automated sequencing technologies has already
led to a massive increase of sequence data. It should be
noted that the amount of sequence data in the public data
repositories has doubled every 18 months, and it is
expected that this will signiﬁcantly increase with the
routine application of the next generation of sequencing
technologies (Gupta, 2008).
Genomics can be deﬁned as the study of the genetic
complement of a single organism. Metagenomics refers to
all of the genetic information of a natural assemblage –
i.e. equivalent to the genomes of all of the organisms
in the sample (Handelsman, 2004). This cultivation-
independent approach has resulted in an explosion of
information on marine microbes. For example, the ﬁrst
part of the Global Ocean Sampling (GOS), which sampled
the North Atlantic, Caribbean and a small part of the
Paciﬁc Ocean, added DNAsequence information that was
equivalent to 50% of all protein-encoding sequences that
had previously been deposited in GenBank (Venter et al.,
2004; Rusch et al., 2007). GOS conﬁrmed that marine
microbes are diverse, revealing how little is known about
the genetic information of natural assemblages. But this
study also highlighted the difficulties of making sense of
metagenomic sequence data. A signiﬁcant proportion of
the open reading frames (ORFs, which are presumed to
equate to genes) could not be characterized because
there were no similar sequences in the databases
(Yooseph et al., 2007).
This difficulty of interpreting the GOS sequence data is
despite the number of marine microbes whose whole
genome sequences are already in the databases. Largely
as a consequence of funding from the Gordon and Betty
Moore Foundation, 150 marine bacterial genomes have
so far been released (Moore, 2009). So, although marine
bacteria are well represented in the genomic databases,
this information was still not sufficient to decipher the
metagenomic information coming from the GOS.
The environmental context rules
The results demonstrate that even billions of nucleotides
do not provide much information when it comes to under-
standing the function of organisms. This is a prerequisite
for inferring an organism’s ecology, as well as for discov-
ering new catalytic mechanisms and enzymes. In every
new marine genome or metagenome sequenced,
approximately 40% of the potential protein-encoding
genes still lack any functional assignment. To be able to
address the potential functions of these novel genes, a
holistic approach is needed, based on contextual data
(metadata) such as habitat parameters, the diversity and
abundances of organisms, genomic information, as well
as gene expression information on the transcriptome and
proteome level (Doney et al., 2004; DeLong and Karl,
2005; Tringe and Rubin, 2005). To integrate these data,
georeferencing has been shown to be extremely useful,
especially for the open ocean, where any kind of genomic
data can be easily linked with measured and remote
sensing parameters based on location, time and depth
(Field et al., 2008a; Kottmann et al., 2010).
Other important prerequisites to facilitate interoperabil-
ity and exchange of data are standards for data formats,
as well as quality management to provide conﬁdence in
prediction and interpolation. In 2005 the Genomic Stan-
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working body, was formed to provide mechanism that
standardize the description of genomes and the exchange
and integration of genomic data. Based on a collaborative
effort, the ﬁrst MIGS (Minimum Information about a
Genome Sequence) and MIMS (Minimum Information
about a Metagenome Sequence) checklists were pub-
lished (Field et al., 2008b). Through speciﬁcation of geo-
graphic location and sampling date, MIGS/MIMS intend to
provide a better understanding of the origin of each
genome and place genomes and metagenomes in their
geospatial and temporal contexts. With the ongoing
efforts of the Genomic Standards Consortium, an inte-
grated view of the data will be possible (Green et al.,
2008), this being a prerequisite to screen and ﬁlter the
ﬂood of data and to target sets of genes that will be
primary targets for in-depth functional analysis in the
laboratory.
From marine ecological genomics to blue
biotechnology
In terms of the exploitation of molecules of high value, the
exploration of the potential of marine biodiversity is still at
an early stage – but the list of interesting marine biotech
products is growing steadily. The inventory of marine high-
value-added compounds, including a range of proteins,
carbohydrates and lipids, stands at some 20 000 products
(Blunt et al., 2007). Most of the marine compounds that
have been successfully screened and structurally eluci-
dated so far originate from isolated and culturable micro-
organisms, especially bacteria (Schweder et al., 2005).
For example the presence of glycoside hydrolases in
marine bacteria, which are speciﬁc for the degradation of
sulfated polysaccharides, represents a unique source of
enzymes for the production of sulfated (or unsulfated)
oligosaccharides of algal origin. These compounds have
proven to be of biotechnological importance because they
are capable of stimulating defence reactions in plants. For
instance, with the introduction of algal laminarin (Klarzyn-
ski et al., 2000), Goëmar Laboratories (France) have
brought out Iodus 40, the ﬁrst natural crop protection
mechanism against winter wheat diseases. Moreover,
simple bioengineering of these enzymes can potentially
make them useful for the production of novel sugar com-
pounds. An example of this is provided by the marine
Planctomycete, Rhodopirellula baltica (Glöckner et al.,
2003). This organism is able to desulfate complex mate-
rials and compounds and therefore is of great interest to
the chemical industry (Wallner et al., 2005; Gadler and
Faber, 2007). These enzymes are a viable alternative to
chemical processes that often require arduous and
environmentally unfriendly reaction conditions and
produce toxic waste products (Uzawa et al., 2003). As
other examples, the complete genome of the marine
polysaccharide-degrading Flavobacteria Zobellia galac-
tanivorans reveals more than 100 carbohydrate-active
enzymes, many of which have undeﬁned substrate speci-
ﬁcities that await discovery (Michel et al., 2006). Thiocora-
line, an antitumour drug from marine Actinomycetes,
is under development by PharmaMar S.A. (Spain), and
sulfated polysaccharides can act as antiviral drugs
(Witvrouw et al., 1994). Metagenomic analysis has also
led to the discovery of a crucial alternative to the nitrogen
oxidation pathway (the anammox cycle) that opened up a
whole new research ﬁeld in water treatment (Strous et al.,
1999). Also, an increased understanding of hydrocarbon-
degrading bacteria opens up perspectives for efficient oil
degradation (Schneiker et al., 2006).
Status of marine research and biotechnology
in Europe
Over the years, the European Commission has launched
as set of programmes embedded in the framework pro-
grammes to support and stimulate research on marine
diversity, and genomics in the environmental context. The
two Networks of Excellence (NoEs), Marine Biodiversity
and Ecosystems Functioning (MarBef) and Marine
Genomics Europe (MGE), as well as the integrated
research project HERMES (Hotspot Ecosystems
Research on the Margins of European Seas) were able to
bring together more than 150 institutions, over 1000
researchers in over 30 countries (within and outside
Europe). Along the same lines the European Science
Foundation (ESF) initiated the EUROCORES (European
Collaborative Research) Scheme to promote collabora-
tive research, networking and dissemination while target-
ing broad and complex topics of research across all
scientiﬁc domains at the European level and in a global
context. EuroDEEP has emerged as part of EURO-
CORES to describe, explain and predict variations of
biodiversity within and between deep-sea habitats, with
respect to deep-sea ecosystem functioning and the global
biosphere.
All projects have contributed signiﬁcantly to realizing
the vision of a European Research Area (ERA) in the
marine sector. This aims: (i) to improve dynamism and
innovation into all sectors of industry and services, result-
ing in more and better jobs, (ii) to address important
issues of European and even global dimension, such as
health, energy supply and climate change, and (iii) to
create a society in which knowledge is shared, taught and
valued as an essential source of personal and collective
development.
As pointed out in the Galway Declaration (Eurocean,
2004) marine science and technology plays an essential
role in generating the knowledge needed to fuel the
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Green paper (Greenpaper, 2006) highlights that marine
research, and in particular marine biotechnological
research, is a driver of economic activity. A reason for this
is that it generates new knowledge in many scientiﬁc and
technological disciplines. Therefore, the impact of the
outputs extends much further than the marine ﬁeld: it
stimulates activity in areas such as health, food, energy,
pharmaceuticals, environment and transport amongst
others.
In the Bremen meeting on Marine Biotechnology
Research (EC, 2007) experts proposed ﬁve action points
that needed further support by the Commission: (i) to
raise the awareness and visibility of marine biotechnology,
(ii) to continue to support excellence in basic sciences, (iii)
to provide access to and improve integrated research
infrastructure, (iv) to streamline the management of intel-
lectual property and (v) to establish cross-cutting pro-
grammes to support commercialization.
In September 2008 the EC delivered a European Strat-
egy for Marine and Maritime Research where marine
biodiversity and biotechnology research was again priori-
tized and its potential to contribute new knowledge on
which to base high-value-added products and processes
through excellent scientiﬁc research was highly recog-
nized (EC, 2008).
Recently the EC-US Task Force on Biotechnology
Research workshop in Monaco (EC-US, 2008) empha-
sized that microbes play an important role in the marine
and indeed global ecosystem and it is suspected that they
are responsible for much biological activity. Great
advances in ‘omics’ technologies to uncover new informa-
tion on the bioactivity potential in cultivated and unculti-
vated marine microbes have been made with vast
implications for basic scientiﬁc research as well as
biotechnology research. While highlighting scientiﬁc
research opportunities, the workshop also stressed the
need for research to strengthen Europe’s bioinformatics
research capability.
The EC has taken action by funding the ASSEMBLE
(Assemble, 2009) research infrastructure initiative and the
EUROFLEETS (EuroFleets, 2009) infrastructure plus the
integrated project MAMBA[Marine Metagenomics for new
Biotechnological Applications (MAMBA, 2009)] in the
seventh framework programme. EUROFLEETS and
ASSEMBLE will provide the ‘hardware’ for marine
research by offering transnational access to ships as well
as marine ecosystems and facilities. ASSEMBLE will
conduct research on ecological models, while the
MAMBA project speciﬁcally sets out to explore the
metagenomic approach for the discovery of new enzymes
from the marine realm for use in biotechnology. Further-
more the new infrastructures EMBRC (European Marine
Biological Resource Center) and ELIXIR [European Life-
Science Infrastructure for Biological Information (ELIXIR,
2009)] are on the horizon. They will provide access to
marine model genomes and their integration with modern
‘omics’ technologies, as well as stable funding for
Europe’s most important publicly accessible databases of
molecular biological information, combined with the devel-
opment of a compute infrastructure that can cope with the
biological data deluge.
In summary the marine environment and the services
it provides have gained signiﬁcantly more attention in
Europe over the last years (Volckaert et al., 2008). Nev-
ertheless, much work needs to be done to defragment the
European Research Area based in the marine sector.
Obstacles
Bioinformatics
Although the giga-base amounts of microbial DNA
sequences and other high-throughput approaches have
made fundamental improvements to microbial biotech-
nology and the understanding of uncultivated marine
microbes, bioinformatics is often the limiting factor in all
kinds of ‘omics’ studies (Anonymous, 2009a). The major
hurdles are: (i) the computational aspects of data
archiving, analysis and visualization of thousands of mil-
lions of DNAsequences which are released to databases,
(ii) the integration and interpretation of molecular data in
their environmental context, and (iii) linking environmental
studies with laboratory experiments so that hypotheses
can be tested and unknown genes can be assigned a
function. Novel computational techniques are required
that allow numerical descriptions of the speciﬁc biological
functions unique to speciﬁc niches and acting against
particular elements.
Furthermore, knowledge databases, with quality man-
agement and expert curating in order to provide well-
documented and reliable reference datasets for academia
and industry, either are not available, or lack funding for
further development (Howe et al., 2008). User-friendly
visualization tools need to be developed to display frag-
ment recruitment, genomic context, functional annotation,
scaffold characteristics for binning, metabolic pathway
overlays and sample comparisons. These tools will be
crucial if biologists are to utilize the large and rapidly
expanding datasets that potentially hold the key to under-
standing microbial function in the oceans.
In the USA a variety of annotation pipelines have been
developed for data analysis. These include the CAMERA
System (Seshadri et al., 2007) to meet the challenge of
studying marine life and ecosystems for examining the
genomic complexities of natural communities of microor-
ganisms as they have evolved in their local environments.
Examples for multipurpose annotation pipelines are
IMG/M (Markowitz et al., 2008) and MG-RAST (Aziz et al.,
526 F. O. Glöckner and I. Joint
© 2010 The Authors
Journal compilation © 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 3, 523–5302008). Europe is lagging behind in this respect and a
European Bioinformatics Infrastructure speciﬁc for the
marine realm should be envisioned to generate further
knowledge.
Data acquisition, exchange and monitoring
Another obstacle that needs to be overcome is the lack of
awareness among biologists about consistent data acqui-
sition and storage. Contextual data of sampling cam-
paigns are still either incomplete or stored in hand-written
laboratory notebooks or on individual computers. Unfor-
tunately, what is ﬁnally published represents only a small
subset of the original data and is often only ‘human read-
able’ and unable to be assimilated into databases without
major efforts in text recognition. These practices greatly
hamper any kind of Europe-wide electronic data
exchange and integration. Although approaches exist to
develop standardized exchange languages speciﬁc for
genomics based on XML (Kottmann et al., 2008), and the
new SIGS journal requests that a speciﬁed set of contex-
tual data must be provided in an electronic format (Garrity
et al., 2008), a change of mindset towards an open policy
of sharing data is still needed (Anonymous, 2009b).
To fulﬁl the promise of a global understanding for the
diversity and function of marine organisms, a much
denser network of data is urgently needed. Accurate real-
time monitoring at all levels from oceanographic data to
marine nutrient cycling and biomass production would be
desirable (Deutsch et al., 2007; Bowler et al., 2009). One
way to reach such a goal is the development of ocean
observatories – permanent off-shore stations and proﬁling
buoys – for which biological and genetic systems (Jones
et al., 2008) are being developed and backed up by
remote sensing (Delaney, 2007). In the USA a primer has
been recently launched with the Ocean Observatories
Initiative (OOI) (Ramons, 2009) which is complemented in
Europe by the EMODNET vision (Emodnet, 2009).
The increasing automation of data acquisition and
genomics technologies will signiﬁcantly impact our
capacities to better understand the functioning of the
marine ecosystem.
Lack of relevant marine bacterial models
The wealth of sequence data from both marine microbes
and diverse oceanic provinces presents considerable
challenges. There are huge numbers of putative genes,
the function of which is often unknown and at best only
deduced from sequence comparisons. Because more is
often known about the genetics and physiology of terres-
trial organisms, the number of unknown/putative genes is
overwhelming in marine samples, because there are so
few experimental data on marine model organisms. For
example, all phyla of marine algae synthesize sulfated
polysaccharides that have no equivalent in land plants
and most of these enzymes constitute completely new
protein families: i- and l-carrageenases (Michel et al.,
2003), a-agarases (Flament et al., 2007) or fucanases
(Colin et al., 2006). It was only through the application of
standard biochemical approaches that these enzymes
could be identiﬁed – otherwise they would have been
annotated as ‘conserved hypothetical proteins’.
Furthermore, there is an urgent need for more cultures
of marine Bacteria, Archaea and viruses. Most culture
collections are based on readily cultivated microbes.
When these organisms were isolated, there were no tech-
niques to establish if the isolate was abundant in the
natural environment or even if it had any relevant function.
Molecular biology has changed that, and the isolation of
new cultivable microbes can now be based on their abun-
dance and relevance in deﬁned marine habitats. There
are a number of novel and innovative approaches to the
isolation of new potential-model microorganisms (Giovan-
noni and Stingl, 2007). For example, Rappé and col-
leagues (2002) used a dilution approach to isolate SAR11
‘Candidatus Pelagibacter ubique’ – the bacterium that can
be found in mostly all biodiversity or metagenomic
studies. So, methods exist for isolating useful model
microbes from the natural environment, but they remain
labour-intensive. Nevertheless, they are probably the only
way in which relevant bacteria can be brought into culture
since classical microbiology methods have not proved to
be useful for difficult-to-cultivate microbes.
All together now
The wealth of new technologies ranging from improved
laboratory systems and automation to next-generation
sequencing technologies have started to fuel our imagi-
nation to better understand fundamental questions like
the impact of Man and global change on our oceans.
Although long considered the perfect dump site, oceanic
ecosystems are showing signs of environmental fatigue
through nutrient enrichment (eutrophication), climate
modiﬁcation and the presence of novel chemicals (xeno-
biotics) in the food chain. A better understanding of the
largest ecosystem on earth will not only help to develop
sustainable management for the oceans, but lay the foun-
dation for a wealth of new goods and services for all
colours of biotechnology. To approach this challenge, it is
essential to move on from piling up masses of data, to
integrative approaches taking into account the organisms,
their genetic repertoire and the environment surrounding
them. This brave new world of life sciences is challenging
because it is extremely complex. To best proceed we have
to cross boundaries and involve different disciplines like
chemistry, oceanography, ecology, genomics and infor-
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of the Petabytes of data produced to generate an in silico
model of the marine ecosystem. If this works out, a true
ecosystems approach might be possible where, as for
weather forecasting, we are able to predict the behaviour
of our oceans (Fig. 1). What is most exciting in the ﬁeld of
marine genomics is that, as in physics or astronomy, it
forces biology to become a multinational, multidisciplinary,
integrative science.
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